Abstract: A digital timing method aiming to minimize the time walk caused by the depth-dependent pulse shape variations in CdTe detectors has been developed. Detector pulses are digitized at the preamplifier stage and a full digital process is carried out to deduce and correct the time walk according to the interaction depth. A time resolution of 6.52 ns FWHM at an energy threshold of 150 keV with a CdTe detector (10×10×1 mm3) is achieved, which is close to the intrinsic resolution of the detector. The method improves the time resolution with no loss of detection efficiency and it is easy to implement. It is confirmed that the slow mobility and the short lifetime of the holes are major obstacles for further improvement in the timing performance of the CdTe detectors. The method is applicable to any semiconductor detector. 
Introduction 1
However, real pulses from planar CdTe detectors exhibit constant slope only for the 23 pulses with either minimum or maximum rise-time and many pulses are a mixture of 24 these two shapes depending on the interaction depth. As a result of this deviation from 25 the ideal linear rise, ARC timing does not provide perfect compensation for the rise-time 26 variations of CdTe detectors. 27
In order to more completely remove the slope-dependent time walk, timing methods 28 have been developed which operate based on an event-by-event correction of the time 29
walk, according to the detector pulse shape. However, the practical use of these methods 30 is limited by the complicated electronic system required or limitation for application to 31 on-line measurements [7] [8] [9] [10] [11] . In a recent paper, it was shown that methods based on 1 digital processing of the detector signals can be used for improving the timing 2 performance of CdTe detectors [12] . In the present paper, a more detailed procedure for 3 digital correction of time walk caused by the variations in the shape of detector pulses is 4
presented. The method is based on the fact that the time walk is correlated with the rise-5 time of pulses and, therefore, one can use a rise-time measurement to deduce the time 6 walk, in order to improve the timing performance. This is analogous to the improvement 7 of energy resolution of CdTe detectors with the depth of interaction correction [13, 14] , 8 because pulse rise-time reflects the depth of interaction, as well. The paper is organized 9 as follows: In Section 2 the details of the method are described. Section 3 describes the 10 experimental setup. Section 4 discusses the results and Section 5 summarizes the paper. 11 12
Description of the method 13
Due to the considerable difference in the mobility of electrons and holes, the output 14 waveform of a preamplifier, connected to a CdTe detector, strongly depends on the 15 interaction depth, where the charge is released in the detector crystal. The relation 16 between the pulse rise-time and interaction depth is illustrated in Fig. 1 . In addition to the 17 pulse shape variations due to the different depths of interaction, further variation in the 18 shape of detector pulses may be caused by the charge trapping and de-trapping in the 19 detector crystal and also non-uniformities of the electric field [15] . As a result of the great 20 variations in the shape of detector pulses, a significant time walk results, when the 21 conventional CFD method is used. In the CFD triggering, the input pulse is inverted, 22 delayed and then added to the attenuated original pulse to form a bipolar pulse with a 23 zero crossing point. The discriminator detects this point and generates the corresponding 24 timing output pulse. Since the time of zero crossing is a function of pulse rise-time, the 25 time walk increases with the depth of interaction, which is defined as the distance of the 26 interaction point from the detector cathode. The ARC timing tries to minimize this effect 27 by applying the CFD technique to the early part of the pulse [5, 6] . In this method, the 28 detector pulses are shaped with a small shaping time constant, in order to reduce the noise 29 and pulse duration, and the arrival time of the pulses is derived by setting a delay on theof short delay makes the zero-crossing occur in the early part of the pulse, leading to a 1 degree of immunity to the slope changes of pulses. However, the choice of delay is 2 practically limited because if the delay is very small, for some events the CFD process 3
can not transform the pulse to a biopolar pulse and the pickoff time would be generated 4 by the random noise on the pulse baseline. This type of timing error occurs for pulses 5 with long rise-times and for pulses that exceed the threshold level by only a small 6 amount. Consequently, the ARC timing can not completely compensate for the time walk 7 of the pulses that experience a slope change early in their rise. This slope-change-8 dependent time walk is a function of pulse shape, which is determined by the depth of 9 interaction. Our correction procedure is to find this function and correct the time pickoff, 10 generated by the ARC timing method. To do so, we group the pulses of similar rise-time 11
together and the contribution of each group of pulses in the ARC timing of the CdTe 12 detector is determined. This is done by employing a digital rise-time discriminator to 13 group the pulses and a digital zero-crossing CFD for implementation of ARC timing. The 14 details of the rise-time discrimination and procedure of time pickoff are described in the 15 In addition to the charge collection time variations, the timing performance of a CdTe 25 detector is affected by the electronic noise. However, in practice the CFD parameters are 26 chosen to overcome the charge collection time variations, rather than less significant 27 electronic noise. Since in our method the pulses are divided into several groups, the 28 variation in the rise-time of pulses within each group of pulses is reduced and, therefore, 29 the timing parameters can be set to yield a better suppression of noise. Applying a 30 variable pulse shaping and CFD delay process to the different groups of pulses leads to 31 systematic time offsets between the time pickoffs. Nevertheless, the time offsets are fixed 1 and, therefore, all the pulses can be synchronized by compensating the time offsets. This 2 is done by applying a second correction factor to the one derived for the time walk 3 correction. In practice, both the correction factors are combined together to form a total 4 correction factor, which is simply determined by comparing the peak position of the time 5 spectra. The complete procedure of timing is illustrated in Fig. 2 . The procedure can be 6 summarized in three steps: (1) the rise-time of each pulse is evaluated, (2) a time pickoff 7 procedure, tailored in accordance with the pulse rise-time, is implemented and (3) a 8 correction factor is applied to correct the time walk and synchronize the time pickoffs. It 9 should be mentioned that the correction factors need to be determined by offline analysis 10 of the pulses. Nevertheless, the method can be used for online measurements once the 11 correction factors are known. In addition to time walk correction, the rise-time 12 information can be used to improve the energy resolution by compensating the pulse 13 deficit due to charge trapping inside the detector [16] . 14 15
Rise-time discriminator 16
To evaluate the rise-time of pulses, a straightforward approach is to directly measure it 17 at the preamplifier output. However, the high frequency noise at the preamplifier output 18 limits the accuracy of such a measurement. We evaluated the rise-time of pulses by 19 measuring their peaking time after shaping with a digital CR-RC shaping filter [16] . A 20 CR-RC filter drastically reduces the noise, while still information on the rise-time of 21 pulses is reflected in the peaking time of the filtered pulse. This approach is 22 computationally very fast and at the same time prepares the pulses for extraction of 23 energy information as well. The peaking time of the pulses is determined by calculating 24 the time required for a pulse to change from 10% to 100% of the pulse amplitude. The 25 shaping time constant of the filter is decided in accordance with the best energy 26 resolution of the detector. 27 28
Time pickoff procedure 29
In the ARC timing of semiconductor detectors, before sending a pulse to a CFD, 30 additional shaping is required to minimize the noise and reduce the duration of pulses. Inthe analogue regime this task is performed by using a timing filter amplifier that performs 1 independent differentiation and integration on the preamplifier pulses. In our study, pulse 2 shaping is performed using a digital CR-RC filter. The digital domain provides a flexible 3 approach in performing the integration and differentiation functions in order to set the 4 optimum shaping time constants. The optimal shaping time constant of the filter is 5 decided by comparing the time resolutions obtained using different shaping time 6 constants. After pulse shaping, the pulses are sent to a digital version of zero-crossing 7 CFD [12, 17] with an optimized delay on the CFD, corresponding to the ARC mode of 8 operation. The CFD delay is optimized by performing multiple analyses on the pulses. 9 10
Experimental setup 11
The procedure of time walk correction is examined by using an experimental setup 12 including a Schottky CdTe detector, a fast liquid scintillator detector and a fast digital The preamplifier has a rise-time of 5 ns. The detector is connected to the preamplifier 21 through a de-coupling capacitor. Tests were performed using a 22 Na point source. The 22 source and detector are placed in a way that radiation enters from the detector side. This 23 geometry helps to capture more coincident events when the oscilloscope is triggered on 24
the CdTe detector signals. The CdTe detector is operated at a bias voltage of 300 V. In 25 this operating condition, the maximum transit times for electrons and holes are ~350 ns 26 and ~3.2 μs, respectively. At this voltage, the detector is fully depleted and the motilities 27 of electrons and holes are saturated so that no further improvement in the signal rise time 28 is observed at higher voltages. The measurements were performed at room temperature.
The preamplifier and the PMT outputs are simultaneously digitized by means of the 1 Lecroy WavePro7000 digital storage oscilloscope at a sampling rate of 5 GS/s and 8 bit 2 resolution. The oscilloscope is set to trigger on the CdTe detector signals. Around 50,000 3 pairs of pulses were stored on the hard disk drive of the oscilloscope of which a 4 considerable number are due to the 511 keV coincidence γ-rays. The digitized pulses are 5 transferred to a personal computer for offline analysis. The offline analysis is performed 6 using a program written in MATLAB ® language. 7 8
Results 9
In order to calibrate the energy scale of the system, the energy information of pulses is 10 extracted after a CR-RC shaping filter with 3 µs shaping time constant. The energy 11 spectrum of 22 Na is shown in Fig. 4 . Performing the energy calibration of the system, 12 using the 511 keV positron annihilation peak and the 1275 keV γ-ray of difference between the arrival times of pulses from the two detectors is shown in Fig. 5 . 23
The spectrum represents a time resolution of 10.1 ns FWHM. Due to the negligible 24 contribution of the scintillator detector to the time spectrum (~1 ns FWHM), the FWHM 25 of the time spectrum is considered to be the time resolution of the CdTe detector. The 26 spectrum has an asymmetric shape and suffers from a tail, which is attributed to the slow 27 rise-time events. The tail is a major problem in timing measurements with CdTe 28 detectors, as a tight time window can cause a drastic loss in detection efficiency. 29
In the next step, the depth sensing technique is employed to correct the time walk. The 30 depth of interaction is evaluated using the time discriminator that measures the peaking 31 time of the pulses after shaping with the digital CR-RC filter, used for the energy 1 measurement. The shaping time constant of the filter is 3 µs, corresponding to the best 2 energy resolution. A distribution of peaking times is shown in Fig. 6 is observed between the time spectra of pulses originating from the two ends of the 17 detector. The depth effect is corrected by deducing a correction factor from the CFD 18 outputs of each group of pulses. The correction factor of each group is the difference 19 between the peak position of the associated time spectrum and the time spectrum of the 20 pulses associated with the depth parameter 1. The time spectrum resulting from the depth 21 correction method is shown in Fig. 9 . The time resolution improves to 7.12 ns and the tail 22 of the spectrum caused by the slow events is considerably diminished. It is worth 23 mentioning that the improvement is achieved without affecting the detection efficiency. If 24 the detection efficiency is not so critical, the spectra with distorted timing resolution can 25 be rejected to use only the best time resolution. This is a similar procedure to the slow 26 Rise-time Reject (SR) timing mode, which is provided in the standard analogue CFD 27 modules. 28
In addition to the time walk correction, a further improvement in the procedure of time 29 pickoff is to minimize the noise effect. For this purpose, pulse shaping and CFDimproved by making a slight increase in the shaping time constant of the digital timing 1 filter, in accordance with the rise-time of the pulses. A considerable increase in the CFD 2 delay is also made to make the zero crossing at the optimum point of slope-to-noise ratio. overall time spectrum, after applying the final correction factors, is shown in Fig. 10. A  7 time resolution of 6.52 ns FWHM is achieved. Table 1 events is still very broad (~50 ns FWHM). In fact, the degree to which the timing 19 performance can be improved is limited by the poor performance of the slow rise-time 20 events. The poor timing performance of these events is explained by the fact that, in 21 addition to the time walk caused by the variations in the charge collection time, the 22 timing performance is strongly affected by the slope-to-noise effect as well. If e n is the 23 voltage amplitude of the noise superimposed on the analog pulse, and dV/dt is the slope 24 of the signal when its leading edge crosses the discriminator threshold, the timing 25 uncertainty due to the electronic noise is given by the slope-to-noise ratio: 26
Timing error = e n / (dV/dt).
(
1) 27
If the noise cannot be reduced, the minimum timing error is determined by the 28 maximum slope on the analog pulse. Due to the low mobility of holes, for the pulses that 29 have their time pickoff determined by the hole's contribution to the pulse, the achievableslope-to-noise ratio is limited and therefore greater timing errors are expected. In fact, the 1 pulse slope for hole-dominant pulses is around ten times slower than the electron-2 dominant pulses, which is in agreement with the timing results. The timing resolution of 3 pulses from depth parameter 6 is around ten times larger than that of the pulses from the 4 depth parameter 1. Further deterioration of timing performance stems from hole trapping. 5
Because the hole's lifetime is so much shorter than the hole transit time, the pulse 6 amplitude is very dependent upon the depth of interaction and the collected charge is 7 significantly reduced with increasing path length. This affects the time resolution by 8 changing the shape of pulses and reducing the slope-to-noise ratio. Fig. 11 shows the 9 energy spectra as a function of interaction depth. The peak positions show a marked 10 depth dependence which is due to the charge trapping effect. Since both rise-time and 11 pulse amplitude are correlated with the depth of interaction, in a similar manner with the 12 time walk correction, one can use the depth data to deduce the charge collection 13 efficiency and thus improve the spectroscopic performance. 14 15
Summary 16
A new timing method has been presented that can correct timing information that is 17 distorted by time walk. In addition, the method leads to a better suppression of noise 18 contribution and full detection efficiency is guaranteed. The method is performed by 19 using a simple algorithm for rise-time evaluation and it is extendable to all semiconductor 20 detectors. It is confirmed that the low mobility of holes and hole trapping are major 21 obstacles to timing performance. The method can be used for online measurements once 22 the calibration is done. 23
24
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